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Introduction
T he development of practical applications and enhanced understanding of mechanisms of electrospray ionization (ESI) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have opened an opportunity to characterize minute amounts of substances of broad chemical nature using mass spectrometry (MS). A major deficiency in the operation of mass analyzers utilizing atmospheric ion sources is that only a small fraction of molecular ions generated from charged microdroplets reaches the ion detector. A significant loss of analytes takes place during transport of the ions through the MS inlet system [13] , which is often a long heated capillary with a 400-600 μm i.d. followed by a subatmospheric chamber with a skimmer; the latter separates the low vacuum from the high vacuum sections of the MS system. A two-fold increase in the ion transmission from a nano-ESI source to the mass analyzer was demonstrated using a flared inlet capillary [14] instead of a straight one. More substantial increase in the ion transmission from an ESI source to the mass analyzer was achieved using ion funnels [15] . In general, more efficient operation of each element of the complex system comprising the ESI source, heated MS capillary inlet, and subatmospheric/low vacuum ion transport system downstream of the inlet has a tremendous impact on the field of biological mass spectrometry. Optimization of the conditions in the subatmospheric section may lead to reducing loss of analyte ions on capillary walls or orifices providing differential pumping, minimizing the in-source fragmentation of fragile ions, and eventually, yet not least importantly, reducing the unspecific chemical noise-all of which determine both the detection limit in a particular mass analyzer and time required to obtain high-quality spectra in individual MS and MS/MS analyses.
Considerable progress in reducing ion loss in atmospheric interfaces is visibly hampered by a lack of comprehensive and accurate system modeling, both at the microscopic physical and fluid dynamic levels. Ideally, this comprehensive modeling would comprise the accurate simulation of droplet evolution (fission and evaporation), production of ions from droplets, and ion loss inside the heated capillary and on the MS inlet elements. At present, there is no selfconsistent and complete model capable of simulating such an evolution. Instead, researchers study and analyze different Correspondence to: Sergey Gimelshein; e-mail: gimelshe@usc.edu aspects of that evolution, separated in physical and spatial terms. For example, droplet evaporation and fission is usually separated from gas/ion transport, and gas flow in the inlet capillary is separated from the flow in the subatmospheric sections. There are several reasons for such simplifications. The most important is the change in flow regimes from viscous to molecular over a short spatial scale. This is associated with the change in gas density from atmospheric levels at the inlet to microTorr levels in the high vacuum section of the MS. There is also a dramatic change in time scale, from slowly changing flow in the long inlet capillary to rapidly propagating supersonic expansion flow downstream of the capillary.
Yet another complexity for comprehensive modeling of the ESI-MS droplet/ion evolution is related to droplet-to-ion transformation. The transport of micron-size droplets of solvent and ions in a carrier gas flow is governed primarily by drag forces from the carrier gas and, in addition, by electrostatic forces from applied fields and space charge. Although the droplet transport often may be uncoupled from gas transport, the difficulty of modeling the evolution of micro-and nanodroplets stems from the lack of detailed microscopic information (mostly due to experimental challenges) on droplet evaporation and fission [16] . Lagrangian particle tracking may be used for modeling droplet evolution [17] , and a CFD solver based on the solution of Navier-Stokes equations for droplet transport [18, 19] . Depending on the selected capillary temperature and, importantly, the temperature gradient [20] , the formation of analyte ions from nanodroplets usually occurs not in the capillary head but inside a longer section of the capillary, so the transport of these ions through the capillary should take into consideration gas densities that can be significantly lower than atmospheric. Knudsen numbers calculated from the characteristic flow dimensions, such as capillary i.d. or skimmer diameter, typically are on the order 0.01 to 0.1 for flows expanding through the capillary, and 0.1 to 10 in the ion transport systems kept at typical pressures of 1 Torr (ion funnels) or 0.01 Torr (rf multipoles). The flows at such Knudsen numbers are in a regime transitional from continuum to free molecular. Neither continuum formulation, such as that based on the Navier-Stokes equations, or free molecular, such as test particle methods, are applicable to compute gas flows at such conditions. Numerical analysis of such flows requires a kinetic approach to be used and, thus, the consideration of the Boltzmann equation, the fundamental equation of the kinetic theory, which properly accounts for flow non-equilibrium.
The numerical complexity and high computational cost of a three-dimensional solution of the Boltzmann equation that inherently involves development and application of highly scalable parallel algorithms are the obvious reasons for its very rare application to ESI-MS ion transportation problems. Since deterministic approaches to the solution of the Boltzmann equation, such as its numerical integration, are prohibitively expensive from the computer time standpoint, the only feasible way to solve it is statistical, based on the direct simulation Monte Carlo (DSMC) method [21] . The known applications of the DSMC method for gas/droplet/ion transport in ICP-MS are [22] where evaporation and coalescence affected droplet evolution were studied [23] where the carrier gas flow inside an ion funnel was examined, and [24] where carrier gas flow from a capillary into a skimmer was modeled. Note that [23] represented, in fact, a three-step approach where the DSMC inflow boundary conditions at the inlet capillary exit were uniform values approximated from Navier-Stokes simulations, and the DSMC fields were in turn used for successive particle tracking with a SIMION package. In [24] , a two-dimensional setup was used with a uniform capillary exit approximation; the calculations of ion trajectories were not presented.
This work is the first step toward a comprehensive model of ion transport in ESI-MS systems, which includes droplet evaporation, fission, and transport, along with the formation, transport, and loss of ionized analytes and solvent clusters (residual nanodroplets) in a wide range of m/z. A pragmatic approach to satisfying this goal is to first simulate the backbone of the process, the multi-regime gas dynamic transfer from atmosphere to high vacuum. Once established, a robust capability for modeling gas dynamics in the system will act as the foundation on which to add each of the additional pieces to the comprehensive model. For instance, accurate thermal and pressure data are required as inputs to droplet evaporation. Local gas flow velocity, density, and temperature, as well as collisional cross sections are required for compute ion transport in subatmospheric and lowvacuum sections of mass spectrometers. Thus, this work focuses on establishing an accurate gas dynamic backbone as the first step to a comprehensive ESI-MS numerical model. Consequently, in this work, ions are not considered until the DSMC portion of the simulation and then introduced near the capillary exit with properties corresponding to the local carrier gas macroparameters. This assumption will be addressed later. While predominately gas dynamic, the limited inclusion of ions allows the simulation to be compared directly with experiment while changing only one key parameter-Einzel (tube) lens potential. This will be used as the characteristic of interest in assessing the accuracy of the gas dynamics simulations in subatmospheric interfaces and the validity of this model as the foundation for future additions and refinements.
The DSMC method is used in this work to model the ion transport in a carrier gas flow expanding through a long capillary into a low-pressure background gas before passing through a skimmer into the hexapole chamber. The main objective of the work is to analyze the efficiency of the traditional capillary/Einzel lens/off-center skimmer approach, currently used in portable mass spectrometers [25] , and study the effect of changing voltage at the Einzel (tube) lens. The companion experimental study provides not only the actual geometric and flow properties of interest but also solid ground for model validation. The off-center location of the skimmer does not allow one to use the simplifying assumption of an axially symmetric flow utilized in previous studies [23, 24] . Thus, full three-dimensional modeling of the ion-gas mixture is performed here. A CFD software package, CFD++, was utilized for modeling the capillary flow that provided the hand-off starting surface for the DSMC simulations, whereas a multi-physics solver COMSOL was used to calculate the electric field and related force term in the Boltzmann equation.
There are several issues considered in this work that were omitted in previous research. First and most notably, this is the first truly three-dimensional simulation that uses a kinetic approach to model the subatmospheric and low vacuum sections of the MS system. The application of a kinetic approach based on the solution of the Boltzmann equation provides accurate description of the flow as it takes into account its microscopic nature at the level of the velocity distribution functions, thus resolving flow nonequilibrium. Flow three-dimensionality is critical as it allows one to consider the widely used off-axis setup that greatly reduces the contamination of the MS system downstream with residual droplets. Second, the simulation includes fully coupled ion-carrier gas flow in the low vacuum section. Third, the numerical modeling presented in this work takes into consideration the flow inside a capillary as a precursor to the flow in the low vacuum section, thus avoiding a uniform inflow approximation that may result in significant accuracy loss [26] .
Numerical Approach and Flow Conditions
In the physical system, micron-size solvent droplets are formed at the tip of a Taylor cone formed in the ESI source and move through atmosphere into the inlet capillary. The capillary has an inner diameter of 0.5 mm and a total length of 100 mm. In order to provide a high-temperature environment needed for droplet evaporation and subsequent ion formation, the capillary is heated to 227°C (500 K). The droplet fission and evaporation in the capillary produces ions mostly by charge residue [27] , but also by ion evaporation [28] mechanisms. Then, the mixture of ions and carrier gas molecules expands out of the inlet capillary into a chamber where gas pressure is kept at 1 Torr. As the ions travel in the plume, they are focused by the electrostatic force produced by the potential difference between the Einzel lens, capillary, and skimmer. Some of them then move through the 0.6 mm diameter skimmer into the hexapole chamber kept at 0.01 Torr.
A partially simplified geometry of the skimmer in the first subatmospheric chamber and the Einzel lens in the inlet of the mass spectrometer was used in computations. The schematics of the considered setup is plotted in Figure 1a in a plane aligned with the inlet capillary axis and the skimmer axis. This geometry has been utilized in earlier models of quadrupole ion traps (Finnigan LCQ, ThermoFisher, San Jose, CA, USA) and in several mass spectrometers equipped with atmospheric interfaces built by MassTech Inc (Columbia, MD, USA) [25] . Note that the center of the skimmer is shifted off the capillary axis to avoid contamination of downstream chambers by droplets not fully evaporated in the heated inlet capillary.
Owing to the five orders of magnitude pressure drop from the ESI source to the hexapole chamber, subsonic flow in the inlet capillary that requires long time to reach steady state, and three-dimensionality of the skimmer chamber setup, it is practical to separate the problem into two steps. The first step considers the flow inside the capillary; it starts in the ESI chamber and ends in the first subatmospheric chamber of the MS. The gas flow regime is continuum at the capillary entrance and near-continuum at its exit. Thus, the Navier-Stokes equations may be used to calculate that flow. Additionally, the flow is axially symmetric. The computational domain used for the first step is schematically shown in Figure 1a , denoted as "NS model." The second step includes the flow from the capillary to the skimmer. The flow regime is transitional, and the DSMC method is therefore used (denoted "DSMC model" in Figure 1a ). It is important to mention that an accurate splitting of the flow into internal and external parts requires the hand-off surface to be located in the supersonic region. The hand-off surface serves as the inflow boundary condition for second step, with flow properties obtained in the first step. The supersonic velocity at that surface guarantees that gas molecules and ions from the downstream portion of the plume do not travel upstream. It is usually sufficient [29] to set the hand-off surface at a Mach number M = 3 isosurface.
Modeling of the first step was performed with a computational tool CFD++ [30] . CFD++ is a flexible computational fluid dynamics software suite developed by Metacomp Technologies (Agoura Hills, CA, USA) for the solution of steady and unsteady, compressible and incompressible Navier-Stokes equations, including multi-species capability for perfect and reacting gases. CFD++ was proven to be a robust tool for complex gas dynamic flows, both external and internal [31, 32] . In this work, the turbulent Reynolds averaged Navier-Stokes capability of CFD++ is applied. The simulations were conducted with a second order in space Harten-Lax-van Leer (HLL) contact discontinuity Riemann approximation algorithm. The computations use a three-equation k−ϵ−R t turbulence model [33] . Implicit time integration was used. A perfect gas model of air was used in this work as the impact of real gas effects for the temperatures under consideration is negligible. The capillary surface was assumed isothermal with a constant temperature of 500 K. Second order slip boundary conditions were applied at the wall. A symmetry condition is used at the capillary axis. A stagnation pressure-temperature boundary condition was set at the inflow boundary and a backpressure imposition was applied at the outflow. Note that the inflow and outflow boundaries were set sufficiently far from the capillary walls so that the Mach number M ≪ 1 at the former and M ≫ 1 at the latter. A multi-block computational grid was used with the total number of cells over 200,000. Note that solution convergence was verified for several grids to obtain grid independent results.
Modeling of the second step was conducted with the DSMC solver SMILE [34] . The three-dimensional parallel capability of SMILE was used here. In the past, SMILE has been extensively used to solve the Boltzmann equation without and with a force term, and validated in a number of multidimensional problems [35] [36] [37] . The majorant frequency scheme [38] was used to calculate intermolecular interactions. A three-species mixture was considered, with the standard atmospheric composition of molecular nitrogen and oxygen, and a trace species of ion with the initial mole fraction of 10 -5 (small enough not to impact the gas flow). A species weighting scheme was applied in gas-ion collisions. Ion mass was 1348 Da (doubly charged peptide ions with m/z = 674). The intermolecular potential was assumed to be a variable hard sphere for air species and hard sphere for air-ion collisions. The reference diameter and temperature exponent were chosen from [21] for air. Ions had a diameter of 16.82 Å [39] . Energy redistribution in molecular collisions between the internal and translational modes was performed in accordance with the Larsen-Borgnakke model [40] . Temperature-dependent relaxation numbers were used. The reflection of air molecules on the surface was assumed to be diffuse with complete energy and momentum accommodation. A surface temperature of 300 K was set at the outer capillary surface, the Einzel lens, and the skimmer. The surface was assumed fully adsorptive for ions. Note that the actual temperatures of the outer capillary surface and, to a lesser extent, the lens and the skimmer, are somewhat higher than the room temperature. However, these elevated temperatures were found in our preliminary computational analysis (not shown here) not to impact the gas flow and ion transport through the skimmer and, thus, the sensitivity of results to the surface temperature values is not presented. The total number of simulated particles was approximately 50 million with 3 million collision cells. The collision grid was automatically adapted based on the local density. The inflow boundary condition was extracted from the Navier-Stokes field obtained at the first step, along the M = 3 isoline. The outflow was a uniform field with a gas pressure and temperature of 1 Torr and 300 K, respectively, in the plume expansion chamber, and 0.01 Torr and 300 K, in the hexapole chamber.
The impact of the electrostatic force on ion motion was taken into account in the DSMC simulations. The force values were precalculated with the COMSOL software. The three-dimensional geometry used in the DSMC calculations was imported into COMSOL multiphysics, in which the electrostatics package was used to set potentials on the appropriate surfaces. Once set, a three-dimensional lookup table was generated, which gave the electric field vectors throughout the DSMC domain. That lookup table was exported and subsequently used in the DSMC modeling to apply spatially appropriate forces on the molecules through the zero order approximation. The lookup table provides a specific value of the electric field vector E
in each cell of a spatially uniform grid exported from COMSOL. The total number of cells was 2 million, so that adequate spatial resolution is maintained throughout the computational domain. Every time step Δt, the change in ion velocity v ! due to the electrostatic field E ! is computed as
where q and m are ion charge and mass, respectively. Figure 1b shows the individual surfaces used within the COMSOL model and two dimensional slices of the electric potential and field vectors, respectively, for a lens potential U lens =135 V.
Experimental
The electrospray source was comprised of a syringe pump and microfluidic union (IDEX, Oak Harbor, WA, USA) connecting the syringe needle with a short piece of fused silica capillary terminated with the ESI tip (New Objective, Woburn, MA, USA). The sprayed acidified (1% formic acid) water/acetonitrile solution (70%/30%, vol/vol) contained 10 −5 M of peptide Substance P (MW=1348 Da). All solutions and peptides were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). The ion current measurements were performed using a prototype unit similar to the one used in a portable mass spectrometer [25] . The MS inlet was a glass-lined stainless steel capillary (0.5 mm i.d., 1.6 mm o.d.,10 cm long) from SIS (Ringoes, NJ, USA) with its head (2 cm long) embedded in a massive copper block. The temperature control system maintained a constant temperature of 120-220°C, and the capillary in the subatmospheric chamber was kept at approximately 1 Torr gas pressure. A conical skimmer separated the low-vacuum section (1 Torr) of the interface containing a tube lens and medium-vacuum (0.01 Torr) section with the hexapole ion guide. Ion current measurements for selected analyte ions were performed using a quadrupole ion trap.
Gas Flow Through Capillary
As discussed above, the two-step modeling of ion transport into the hexapole chamber starts with the Navier-Stokes solution of the capillary flow. The flow velocity in the axial direction for the Navier-Stokes computations is shown in Figure 2a . The Reynolds number in the capillary exceeds 3000 and, thus, one can expect noticeable turbulence effects. Ideally, a direct numerical simulation is required for accurate account of the flow transition from laminar near the capillary entrance to turbulent further downstream. However, long physical time to reach converged solution and large number of grid points in three dimensions necessary to describe the long capillary under consideration make such a numerical modeling prohibitively time-consuming. Fortunately, some of the Reynolds averaged Navier-Stokes models that use Boussinesq approximation may be reliably used in this case, especially taking into consideration the fact that the flow fully develops over a distance shorter than 10% of the capillary length. The k−ϵ−R t model for the Reynolds stresses used in this work was recommended by its authors for the time of flow under consideration and, to illustrate its impact on the flow, results are shown for the turbulent and laminar models (the simulation setup is identical in these computations except for the turbulence terms being turned on and off). The result is stretched in the Y direction in order to provide better detail. Most of the ESI and subatmospheric chambers are not shown. In both cases, the flow velocity quickly increases downstream of the capillary entrance. The velocity increase is mostly in the core flow, as the velocity near the wall does not exceed 10 m/s because of relatively high gas density and, therefore, thin boundary layer. As expected, the turbulent flow is generally characterized by lower velocities, with the difference between the turbulent and laminar solutions equals to~10% in most of the capillary. This difference decreases at the capillary exit, where the maximum flow velocity is about 555 m/s for the laminar case and 530 m/s for the turbulent case. The gas temperature for these two cases is shown in Figure 2b . Note that although the hot wall and gas convection result in a significant increase in gas temperature in the core flow, it always stays noticeably lower than the wall temperature. The maximum temperature at the capillary axis is observed at approximately 80% capillary length. Further downstream, flow acceleration due to the proximity of the exit results in a temperature drop. There is a visible difference between the turbulent and laminar result, although most of the difference is observed at the axis, near the maximum temperature region. The maximum temperature at the axis is 468 K for the turbulent case and 442 K for the laminar case. This comparison indicates that turbulent mixing, which results in lower flow velocity (and thus longer residence time) and higher gas temperature, may be expected to significantly impact the droplet evaporation and fission process in the downstream half of the capillary.
Let us now consider the details of the flow in the vicinity of the capillary exit, as this is where the Navier-Stokes to DSMC hand-off surface is located. The Mach field is presented in Figure 2c . Typical for flows in capillaries that connect high and low pressure chambers, the supersonic flow is observed noticeably upstream of the capillary exit (which illustrates the limitations of approximations used in [23, 24] ). The location of the M = 1 isoline visibly changes when turbulence is accounted for, as it crosses the flow axis at 4 mm upstream of the exit in the laminar case and at 1.5 mm in the turbulent case. Nevertheless, the difference between the two cases in the expanding plume is much smaller. In the plume, the turbulentversus-laminar difference is only on the order of 3%, which is very similar to the 3% mass flow rates for these cases, 1.25 × 10 −5 kg/s for turbulent and 1.28 × 10 −5 kg/s for laminar flow. Generally, these calculations show that while there is a visible impact of flow turbulence on gas properties inside the capillary, its impact on the plume, and thus gas properties at the starting surface located along the M = 3 isoline, is minor. It is important to note, however, that while the impact of flow turbulence is relatively small, the compressible, viscous, and relatively high velocity nature of the capillary flow under consideration precludes the use of simple approximations for the mass flow or flow properties at the capillary exit, such as the Poiseulle approximation. According to the Poiseuille equation for compressible fluids, the mass flow rate through the capillary
where the subscripts i and o denote inlet and outlet conditions, respectively. It is, therefore, more than four times larger than the expected mass flow rate based on the CFD predictions. Macroparameter profiles along the capillary exit plane are neither parabolic (Poiseuille approximation) nor uniform (high thrust rocket approximation). This is further illustrated in Figure 2d where the gas pressure field is presented. For both cases, pressure gradients inside the capillary are negligible in the radial direction, except in the immediate vicinity of the exit. In the plume, the difference between the turbulent and laminar cases is also negligible. Still, in all results shown in the following sections, the hand-off surface extracted from the turbulent flow solution was used. Note that the pressure at the exit is about 16 kPa, over 10 times higher than the background pressure. The gas mean free path at the exit is about 0.5 μm, so that the capillary diameter based Knudsen number is about 0.001, and thus well within the applicability of the continuum approach (Navier-Stokes). At M=3 (location of the hand-off surface), the mean free path increases only an order of magnitude, so that the continuum approach may still be used.
Expanding Flow Modeling
The information on gas macroparameters in the plume nearfield, obtained as the result of the capillary flow modeling discussed in the previous section, allows one to use these macroparameters as the inflow boundary condition (hand-off surface) in the subsequent DSMC modeling. The Maxwellian distribution function was assumed for gas molecules and ions originating at the inflow boundaries. A constant value of the ion mole fraction of 10 −5 was used and was small enough to avoid impact on the carrier gas flow. The ion properties, therefore, were assumed to be equal to those of the gas. Note that the gas density in that region is still too high for noticeable ion-gas separation, confirmed by comparison of the obtained results with those for the handoff surface located at M=2 (not shown here).
The carrier gas number density in the subatmospheric chamber is given in Figure 3a for an Einzel lens potential U lens =0. Hereafter, a two-dimensional slice of the threedimensional flowfield is taken at Z=0. The capillary axis is Y=0 and its exit plane is at X=0. The dark region near the origin of the coordinate system indicates the location of the hand-off surface. The upper and lower pentagons show the position of the Einzel lens (shifted 1 mm upward in the Y=0 plane), and the remaining surface indicates the location of the skimmer (centered at Y=1mm). Although the case of zero Einzel lens potential is shown here, varying Einzel lens potential does not impact the carrier gas properties due to the low concentration of ions. The presented field shows that the plume density reaches the background gas level after the first two capillary diameters. Further expansion decreases density down to about 0.5 of that of the background. Elevated density near the entrance of the skimmer shows some moderate impact of the plume in that region. Note also that plume formation inside the skimmer clearly points upward, which is also due to the presence of the capillary expansion. It is important to note that although the low gas density behind the skimmer results in some plume molecules (and thus ions) being transported through the skimmer, the vast majority of plume molecules (over 98%) miss it. Since the path of ion expansion is not expected to differ strongly from that of air, such a low transmission provides a clear indication of the importance of the Einzel lens in the considered setup.
The presented flow fields demonstrate clearly that for the geometrical setup under consideration, there is no visible Mach disk observed. At first glance, this seems to contradict the fact that any under-expanded jet flown supersonically into background gas will produce a Mach disk bounded by the jet boundary and created by the incident (barrel) shock reflecting off the axis (provided that the angle of incidence is large enough for the Mach reflection to occur). The most notable exception, largely theoretical, is flow expansion into vacuum. There is, however, a possibility for the Mach disk removal or translation, somewhat related to the vacuum expansion limit. Remember that the mechanism of the Mach disk formation is related to the interplay between the plume and the background pressures: as the plume expands and its pressure decreases and becomes comparable and then less than the background pressure, the incident wave is directed toward the plume axis. Therefore, the larger the stagnationto-background pressure ratio, the larger the distance from the nozzle (or capillary) exit plane to the Mach disk. A skimmer located far downstream from the capillary exit plane may act as a background pressure decreasing pump, thus shifting the Mach disk downstream. When the skimmer is placed close to the capillary, it may enter the supersonic zone of silence, whereas the extremely low pressure behind the skimmer will still act as a pump. All this may be expected to shift the Mach disk downstream to the point when it disappears altogether. For the chamber pressure ratio of 760 considered here, the Mach disk stand-off distance is about 10-12 capillary diameters, or 5-6 mm (see, for example, [41] ), which was also confirmed in our free expansion simulations (not shown here). The result of skimmer placement at about 3.5 mm is, therefore, the absence of the Mach disk.
The gas temperature field for U lens =0 V is presented in Figure 3b . In the plume expansion, the gas cools down and the temperature drops below 50 K (the lowest observed value is 43 K). The cold region propagates down to the skimmer, almost reaching its surface. The elevated temperatures near the skimmer (in excess of 400 K) provide some insight into flow non-equilibrium. The main reason for the computed temperature to be higher than the skimmer surface temperature of 300 K is that gas rarefaction results in a non-Maxwellian, bimodal, velocity distribution function, which distorts the traditional and calculated idea of temperature. The bimodality is due to nearly counter-propagating plume molecules, moving predominantly from left to right, and molecules reflected on the skimmer surface and moving in the opposite direction. Such a non-equilibrium clearly demonstrates the inapplicability of continuum approaches, such as those based on the solution of Navier-Stokes equations, to model this flow. At the entrance of the skimmer, the temperature reaches about 300 K and then falls again due to gas expansion. The results show that because of the combination of low temperatures between the capillary exit and the skimmer, and relatively low densities in that region, no noticeable change in droplet evaporation attributable to the carrier gas will occur downstream of the capillary exit. The conclusion should still be valid even if the skimmer is heated.
Consider now the properties of ions as they are impacted by the Einzel lens potential. The ion velocity is shown in Figure 4a for three values of the Einzel lens potential U lens . In the absence of an applied potential, U lens =0 V, the ion velocities and trajectories largely follow those of the carrier gas. The maximum flow velocity of ions, about 930 m/s, is close to that of gas, 960 m/s, which corresponds to the conventional gas expansion at a stagnation temperature of 300 K. The maximum velocity is observed at the capillary axis. Some decrease in ion velocity near the skimmer walls is related to collisions with gas molecules reflected on the walls. A higher rate of velocity decrease corresponds to higher gas density near the wall (see Figure 3 ). Collisions with gas molecules also cause some decrease in ion velocity downstream of the skimmer entrance. The ion flow velocity field drastically changes when a 45 K potential is applied to the Einzel lens. Most importantly, the electrostatic field created by the capillary-lens-skimmer potential difference starts to focus the ions to the skimmer. The electrostatic force, on average, reduces the radial velocity component of ions, which in turn deflects their trajectories toward the lens axis. In addition, the axial velocity component noticeably increases as ions travel from the capillary to the skimmer, reaching about 2400 m/s near the skimmer entrance. Collisions with air molecules decrease that velocity to less than 1400 m/s a few millimeters downstream of the entrance. For a 135 K potential, the focusing effect is even more substantial. However, in the first two millimeters of the capillary exit, the average ion velocity is smaller than that for U lens =45 V and even U lens =0 V case. The reason for this is that the high voltage at the lens creates an electrostatic field that decreases ion velocity in that region and pushes some ions back towards the capillary. As the ions travel toward the skimmer, they are rapidly accelerated to average velocities of about 3500 m/s. Then, they are decelerated inside the skimmer, where the effect of the electrostatic field is smaller than that of the gas-ion drag. It may be expected that, similar to ion deceleration, nanodroplets would also be decelerated, thus significantly increasing their internal temperatures and evaporation rates. Decelerating collisions of fast ions with slow air molecules may also result in either declusterization (removal of weakly bound adducts from analyte ions) or fragmentation (dissociation of analyte ions). Although the DSMC method used in this work is easily amenable to collision model extension to incorporate the excitation of vibrational energy modes and complex chemical reactions [36] , declusterization and fragmentation were not considered in this work.
When the background pressure in all subatmospheric sections is fixed, the efficiency of the lens-skimmer setup directly depends on the amount of ions that come through the skimmer as well as the amount of air molecules from the plume that the skimmer prevents from entering into the hexapole chamber. A good indicator of the setup efficiency is, therefore, the ion mole fraction, with higher mole fractions behind the skimmer being desirable. The ion mole fraction fields for three different lens voltages are given in Figure 4b . All mole fractions were normalized by the value set at the inflow boundary to provide a more informative comparison. For the U lens =0 V, as can be expected for a heavy-light gas mixture expansion, the ions are concentrated near the capillary axis, although their normalized mole fraction does not exceed 1.1. The ion concentration decreases for large angles from axis, approaching 0 for 90°. The largest ion mole fraction is observed inside the skimmer, where it reaches 2.8 attributable to smaller deflection of ions from their original plume trajectories, compared to air molecules. This trend continues for U lens = 45 V, although in the latter case the impact of the electrostatic force from the Einzel lens results in maximum ion mole fraction of more than five that of the inlet. Moreover, the lens influences the average angle of the ions that come through the skimmer, turning the ions toward the skimmer axis. Note that both for U lens =0 V and U lens =45 V, the mole fraction of ions drops near the skimmer walls. This is due to the fully adsorptive wall condition assumed for ions in this work. Note that an incomplete adsorption is not expected to change the flow inside the skimmer, as the vast majority of reflected ions would be pumped out of the chamber. For the 135 V case, one can clearly see the backflow of ions near the starting surface that are diverted by the field toward the capillary surface. Of the ions that are not diverted, most travel through the skimmer entrance, where the resultant normalized ion mole fraction reaches 70, or 25 times that for U lens =0. Some decrease of the mole fraction further downstream is due to accumulation of air molecules reflected on the horizontal skimmer walls.
The most important flow property, from the standpoint of system efficiency, is the ion mass flux, which linearly impacts the MS reading. The impact of the lens potential on the ion mass flux is presented in Figure 4c . In the absence of the lens potential, the ion mass flux is maximum at the capillary axis and decreases in radial direction nearly following the cosine law. Some deviation from the cosine law at larger distances from the axis is related to the gas density variation in those regions. For the U lens =45 V case, ion focusing by the lens is obvious and the result is a factor of five increase in the ion mass flux at the skimmer entrance as compared to U lens =0 V. Also, although none of the ions are diverted by the lens back to the capillary wall, a large number of ions end up on the skimmer walls. For both 0 and 45 V, the variation of the ion mass flux across the skimmer entrance is small. For the 135 V potential, that variation is over three times and the maximum value is over 15 times larger than that for 45 V (it is in fact even larger than that inside the capillary). Note that most of the ions that approach the skimmer come through its entrance and only few stick to the wall (all of them in the lower half of the skimmer). This may be a clear indication that for a given geometrical setup (skimmer and Einzel lens size and location), further increase in lens voltage may not increase the ion mass flow through the capillary. This is because the ion back flow will further increase with the voltage, while there is a limited amount of ions that can be better focused into the skimmer.
Prior to comparing the numerical results to the experiment, it is reasonable to study the sensitivity of such a comparison to some numerical and experimental uncertainties. The carrier gas-related uncertainty is considered relatively minor. The focus below is on ion related changes. The two points examined here are the impact of the uncertainty in the ion diameter, which directly influences the ion-gas interaction, and possible MS signal contamination by water droplets. Figure 5 compares the ion mass fluxes, normalized by the inflow values, obtained for the following computations, all conducted at U lens =135 V: (i) the model ions used above (i.e., peptide ions with m/z=674, doubly charged, with the ion/gas collision diameter of 16.82 Å), (ii) water clusters (100-mers) carrying a single charge, and (iii) peptide ions with m/z=674, doubly charged, but with a diameter reduced to 14 Å. The results show that for the same concentration of charged water clusters, their mass flux is noticeably different. The lower charge-to-mass ratio results in poor focusing by the lens, and many droplets will collide with the skimmer surface, thus reducing contamination. The mass flux at the skimmer entrance is on average approximately a factor of 3.5 smaller than for the baseline model. Note that the mass flux at the entrance should decrease with the increase of the droplet mass. Direct analysis of contamination of the signal with charged water clusters is complicated by possible droplet heating and evaporation downstream of the skimmer entrance because of droplet deceleration by the air flow, but it is believed that such contamination does not have a determining effect on the signal. Although the ion diameter used above is believed to be accurate within a few percentage points, a 20% smaller diameter is used in order to estimate its possible impact, even though such a value is extremely unlikely. The decrease of the effective peptide ion/gas collision diameter results in somewhat better focusing into the skimmer entrance, as the maximum value of the mass flux is over 40% larger than that for the same ion but with ion/gas collision diameter of 16.82 Å. On the other hand, smaller drag results in more ions being pushed back to the capillary by the electric field, so that the total mass flow through the skimmer is in fact 10% smaller than that for the ions with larger collision diameter ions. Generally, the impact of the ion diameter and ion-air collision uncertainty is believed to be small. 
Comparison with Experimental Data
The Einzel lens voltage was varied, both numerically and experimentally, and the output ion signal recorded. Although the experimentally measured signal directly reflects the number of doubly charged peptide ions trapped into the MS, the numerical signal is based on the number flux of ions that reached the internal part of the skimmer. The possible ion loss further downstream is not taken into consideration. Although the impact of such an approximation is small, it may still somewhat reduce the high-to-low voltage signal ratio, as the ion flow passing through the skimmer entrance is more divergent for lower U lens (see Figure 4a ). Another numerical uncertainty is related to the use of a two-step approach, which is also expected to skew the signal ratio toward the lower voltage as compared to a hypothetical approach that would compute all droplet/ion evolution in one step. This is because the two-step approach does not track ion trajectories before they reach M = 3 isoline, assuming that they travel with the flow and neglecting the electrostatic field effect. The numerical uncertainties related to other factors, both physical (viscosity, heat conductivity, etc.) and numerical (numbers of cells, simulated particles, timestep, etc.), as well as the statistical error, are believed to be small. The statistical error for the sample size considered in this work is below 0.1%.
The comparison of measured and computed ion signal is shown in Figure 6 , where the experimental data is normalized by the maximum signal, and the numerical points are normalized to provide the best fit with the data. Numerical modeling captures the signal increase with voltage quite reasonably. Both computation and experiment show the maximum signal at about 135 V, after which the signal starts to drop because of ion diversion back to the capillary surface. The under-prediction of ion signal in the computations for smaller voltages (less than 70 V) is attributed primarily to the effects of the signal calculation and two-step approach, discussed earlier in this sections. Figure 6 also presents the Einzel length efficiency (the right axis), calculated numerically as the ratio of ions passed through the skimmer to the number of ions that left the capillary. It is seen that although the lens allows for great increase in transmission, from less than 2% for U lens =0 V to over 25% for U lens =135 V, this experimental configuration still shows large room for improvement. Even for U lens = 135 V, almost 75% of ions are lost at the skimmer and external capillary walls.
Conclusions
A two-step numerical approach based on solution of Navier-Stokes equations in the capillary and the solution of the Boltzmann equation for the gas/ion transport from the capillary to the skimmer has been developed for the first time to find gas density, velocity, and temperature in different sections of the traditional MS inlet comprising a heated capillary, tube lens, and off-axis skimmer. Combining the drag and the action of the electric field on fully desolvated peptide ions, it was possible to predict the change in the peptide ion signal as a function of the tube lens voltage. Ion loss near the skimmer attributable to peptide ion overheating and ensuing fragmentation was not considered in this model; however, only very weak in-source fragmentation has been observed in the companion experiment at the conditions providing the highest ion transmission.
Charged nanodroplets and large water clusters emerging from heated capillary are not expected to evaporate in a gap between the capillary exit and the skimmer in collisions with residual gas, even if one uses elevated temperatures for the inlet capillary and skimmer. Nevertheless, a significant electrical field created in a close vicinity of the skimmer orifice by the difference in electric potentials between the capillary, the conical skimmer, and the Einzel lens can accelerate the charged species approaching the orifice to very high velocities because the gas is more rarefied in this region compared with the capillary exit. Substance P doubly charged ions, for instance, were found to accelerate to over 3000 m/s when passing through the skimmer orifice. Downstream of the skimmer orifice, where the pressure drops more than an order of magnitude, the charged clusters and analyte ions accelerated to high velocities begin to decelerate (thermalize) in collisions with a rarefied gas, experiencing on the way a number of energetic collisions. Such a process induces heating of the charged species and declusterization resulting in a release of analyte ions and thus improving the ion detection; it also can cause dissociation of weakly-charged solvent clusters, the source of chemical noise [42] . At the same time, excessive velocities of the analyte ions in the same region can cause inlet fragmentation [43] . Detection of ions of interest, accounting for the ion dissociation threshold, will depend on the pressure in the skimmer section and the electric field accelerating the ions towards the skimmer. Optimization of these two parameters in subatmospheric interface is especially important for the ESI-MS analysis of non-covalently Figure 6 . Comparison of measured and computed normalized signal as a function of Einzel lens potential bound complexes [44] . The framework of the developed computational model allows one to incorporate a complex of collision-activated processes [45] to optimize transport and detection of ions of interest.
